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The Survival of Antigen-Stimulated T Cells
Requires NFB-Mediated
Inhibition of p73 Expression
ori, 2002). Paradoxically, E2F activation also directly in-
creases the transcription of genes that promote apopto-
sis, such as AFAF-1 and the p53 family member p73. In
naive T cells, the IBand IBproteins sequester NFB
activity in the cytoplasm. Cytokine and antigen receptor
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signaling results in the phosphorylation and degradationUniversity of Colorado Health Sciences Center
of IB and the nuclear translocation of transcriptionally4200 East Ninth Avenue
active NFB (Baldwin, 1996). NFB is composed of di-Denver, Colorado 80262
mers of various family members, including p65/RelA,
NF-B1/p50, NF-B2/p52, c-Rel, and RelB. NFB activ-
ity is required for activation-induced T cell proliferationSummary
as demonstrated using IB transgenic, c-Rel/, or
nfb1/ T cells (Boothby et al., 1997; Ferreira et al.,We have explored the interactions between the NFB
1999; Kontgen et al., 1995; Liou et al., 1999; Zheng etand Cdk-Rb-E2F pathways in controlling T cell fate
al., 2001). NFB also contributes to the survival of lym-following antigen stimulation. The inhibition of NFB
phocytes, such as by the transcriptional activation ofin antigen-stimulated T cells results in apoptosis but
the prosurvival Bcl2 family member Bfl1/A1 in antigen-does not inhibit E2F activation and S phase entry. IB-
stimulated B cells (Grumont et al., 1999; Zong et al.,induced apoptosis coincides with the superinduction
1999). The activation of NFB is greatly enhanced byof p73 expression and activity. G1 Cdk activity is re-
costimulatory signals (Kane et al., 2002), which may inquired for IB-induced apoptosis and the induction of
part underlie the requirement of costimulation for T cellp73. Importantly, p73 deficiency rescues activated T
survival following TCR stimulation.cells from the apoptosis resulting from the inhibition
Autoreactive T cells are eliminated from the peripheralof NFB. Thus, Cdk2 activation sends signals for both
repertoire by the induction of either apoptosis or anergy,cell cycle progression and apoptosis, the latter of
apparently as a result of either the recognition of antigenwhich must be blocked by NFB to allow for prolifer-
in the absence of an inflammatory response or chronication.
antigenic stimulation. Repeated antigenic stimulation of
T cells results in activation- induced cell death (AICD)Introduction
(Pinkoski and Green, 1999). Roles for E2F1 and p73 in
AICD have recently been demonstrated (Lissy et al.,When naive T cells are challenged by antigens, a series
2000) and may involve direct E2F1-dependent activationof signal transduction events are triggered, leading to T
of p73 expression (Irwin et al., 2000; Seelan et al., 2002;cell proliferation and differentiation. Antigen-dependent
Stiewe and Putzer, 2000). p73 is a p53 transcriptionactivation of T cell proliferation requires additional sig-
factor family member that has been shown to functionnals beyond those provided by antigen recognition by
in a manner similar to p53 by inducing the expressionthe T cell receptor (TCR) (Frauwirth and Thompson,
of p53 transcriptional targets and apoptosis, although2002). These costimulatory signals include the interac-
p53 and p73 have been shown to differentially regulatetion of CD28 on T cells with B7-1 and B7-2 on antigen-
the expression of some target genes (Irwin and Kaelin,presenting cells, which amplify TCR generated signals
2001). Activation of peripheral human lymphocytes re-and also activate distinct signaling pathways. The co-
sults in increased p73 expression coinciding with the
stimulatory requirement for T cell proliferation appears
induction of apoptosis (De Laurenzi et al., 1999; Lissy
to be required to limit T cell proliferation to foreign or
et al., 2000). p73 activity is upregulated following DNA
microbial insults. T cell recognition of self-antigens usu- damage, and together with a third p53 family member,
ally occurs in the absence of inflammatory signals, and p63, contributes to DNA damage-induced apoptosis
the lack of sufficient costimulation may contribute to T (Flores et al., 2002). Thus, p53-dependent apoptosis and
cell anergy or apoptosis. transcription in response to DNA damage requires p63/
Antigen-dependent T cell activation results in the acti- p73, and vice versa.
vation of pathways that contribute to T cell proliferation, Additional evidence suggests that there is substantial
including the Ras, AKT, and PKC pathways, as well as interplay between NFB, the Cdk/E2F pathway, and
NFB and c-Myc transcriptional activity (Frauwirth and p53-mediated apoptosis. E2F1 has recently been shown
Thompson, 2002). The activation of these and other to antagonize NFB activity by direct association with
pathways leads to the activation of cyclin-dependent p65, preventing NFB-dependent reactive oxygen spe-
kinases (Cdks), which are required for cell cycle progres- cies elimination and survival (Tanaka et al., 2002). E2F1-
sion. Cdks phosphorylate the retinoblastoma (Rb) family induced apoptosis may also involve the suppression
of proteins, which relieves Rb-dependent repression of of NFB induction via the inhibition of IKK activation
E2F and facilitates E2F-dependent transcriptional (Phillips et al., 1999). Similarly, the c-Myc-induced sensi-
upregulation of a variety of genes required for cell cycle tization of cells to TNF-induced apoptosis requires
progression such as Cdc6, Cdc2, and cyclin A2 (DeGreg- downregulation of NFB and in part requires p53 (Klef-
strom et al., 1997). Furthermore, NFB and p53 antago-
nize each other’s transcriptional activity via competition*Correspondence: james.degregori@uchsc.edu
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for limiting coactivators (Webster and Perkins, 1999).
NFB activity has also recently been shown to limit both
the stabilization of p53 protein and apoptosis in re-
sponse to DNA damage (Tergaonkar et al., 2002). In
marked contrast, another study reported that p53-
dependent activation of NFB is necessary for onco-
gene and DNA damage-induced apoptosis (Ryan et al.,
2000).
In this manuscript, we show that NFB is required to
limit the antigen-induced, Cdk-dependent upregulation
of p73 activity, and p73 is required for the apoptosis
that occurs in activated T cells when NFB is inhibited.
Our results indicate a new pathway by which NFB pro-
motes T cell survival by limiting the activation of p73
following antigenic stimulation.
Results
Adenoviral-Mediated mIB Expression Inhibits
Endogenous NFB Activity in T Cells
In order to study the role of NFB in T cell survival and
proliferation in response to antigenic stimulation, we
generated recombinant adenoviruses expressing a con-
stitutive inhibitory form of IB, mIB (Traenckner et al., Figure 1. Adenoviral-Mediated mIB Expression Blocks Endoge-
1995). mIB and coexpressed eGFP are each expressed nous NFB Activity
from ubiquitin promoters in the adenovirus (referred to CAR Tg lymphocytes were transduced with Ad-GFP or Ad-mIB (at
a multiplicity of infection [MOI] of 5 for this and all subsequentas Ad-mIB), and the control adenovirus expresses only
experiments unless stated otherwise). 16 hr posttransduction, cellseGFP (Ad-GFP). We previously developed transgenic
were activated by ConA. At 0, 24, or 30 hr postactivation, GFP- or(Tg) mice that express the coxsackie-adenovirus recep-
mIB-expressing T cells (GFP B220 cells in the lymphocyte sizetor (CAR) specifically in lymphocytes (Wan et al., 2000). gate) were purified by FACS (greater than 97% purity in this and all
CAR Tg T cells are efficiently transduced by recombinant subsequent experiments). (A) The expressions of mIB and endoge-
viruses, while B cells are only marginally transduced. nous IB were detected by immunoblotting. The HA-tagged mIB
migrates slower than endogenous IB during gel electrophoresis.One advantage of the CAR Tg approach is that T cells
(B) The mRNA expression of Bfl-1/A1 relative to 18S rRNA wasdevelop without potential complicating effects of IB
determined by real time RT-PCR. At 30 hr, there was a significantexpression, which may select for T cells that can tolerate
difference between Ad-GFP and Ad-mIB transduced T cells in Bfl-1reduced NFB activity. Furthermore, the same popula- expression. For all figures, * indicates P  0.05, ** indicates p 
tion of T cells is transduced with either Ad-mIB or 0.01, and *** indicates p  0.001 using paired Student’s t test, and
control vector. We transduced CAR Tg lymphocytes standard deviation is indicated.
with Ad-mIB or Ad-GFP, and GFP- expressing T cells
were purified by fluorescence activated cell sorting
(FACS). The expression of mIB is evident in Ad-mIB on antigenic activation, as the expression of mIB did
transduced cells by immunoblotting (Figure 1A). The not reduce the viability of unstimulated T cells (Figure
expression of mIB also inhibited the expression of en- 2A, top and bottom). Previous reports have shown vari-
dogenous IB, which is upregulated in activated T cells able abilities, from no effect to partial rescue, of IL-2 to
dependent on NFB activity (Baldwin, 1996). In addition, restore mitogen-induced proliferation in T cells either
the antigen-dependent induction of the mRNA expres- expressing IB or deficient in c-Rel (Boothby et al., 1997;
sion of Bfl-1/A1, a well-characterized NFB regulated Kontgen et al., 1995; Liou et al., 1999). In our experi-
gene, is substantially blunted by mIB expression (Fig- ments, the addition of IL-2 did not have any effect on
ure 1B). the decreased expansion of mIB-expressing T cells
(Figure 2B).
We also asked whether NFB is required for theNFB Activity Is Required for T Cell Survival
and Expansion in Response to Antigen expansion in vivo of antigen stimulated, Ad-mIB trans-
duced T cells following adoptive transfer into Balb/CLymphocytes isolated from CAR Tg mice were trans-
duced with either GFP- or GFP/mIB-expressing adeno- hosts. T cells transgenic for both CAR and the DO11.10
TCR were transduced with either Ad-GFP or Ad-mIBviruses and then activated by ConA treatment. At differ-
ent time points poststimulation, GFP T cells were ex vivo. The DO11.10 TCR recognizes a peptide from
chicken ovalbumin (OVA) in the context of I-Ad (Murphymonitored by flow cytometry. By 24 and 30 hr poststimu-
lation, the number of T cells that express mIB was et al., 1990). Transduced lymphocytes were immediately
transferred into Balb/C recipients, and 1 day posttrans-significantly decreased compared with T cells express-
ing GFP only (Figure 2A, bottom). Note that under the fer recipient mice were injected with OVA peptide in
order to activate transferred T cells. At different timeconditions of these experiments, antigen-dependent
expansion is not observed until after 40–48 hr of activa- points post OVA injection, GFP- or mIB-expressing T
cells were monitored by flow cytometry. While GFP-tion (data not shown). This effect of mIB was dependent
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Figure 2. NFB Is Required for T Cell Survival following Activation In Vitro and In Vivo
(A) CAR Tg T cells were transduced with Ad-GFP or Ad-mIB, and 2  106 cells (total cells, including B cells, macrophages, etc.) were cultured
for 16 hr in a 48-well plate and then cultured with or without ConA for 24, 30, or 40 hr. In the top panel, transduced T cells were cultured
without activation, and the percentage of T cells (B220Neg) expressing GFP or GFP/mIB is shown (i.e., transduction efficiency). In the bottom
panel, at each time point the number of live T cells in the culture was determined by cell counting with trypan-blue exclusion using a
hemocytometer and flow cytometry for Thy1.2 positive cells (that also exclude propidium iodide [PI]). The percentage of viable GFP T cells
was multiplied by the counted number of total viable cells to obtain the number of GFP T cells in each culture. The average plated numbers
of GFP T cells in each well postinfection (t  0) were 143 (GFP) and 108 (mIB)  103 GFP T cells.
(B) CAR Tg T cells were transduced with Ad-GFP or Ad-mIB and then activated by ConA in the presence of 20 U of recombinant mouse
IL-2 for 36 hr. To measure the survival rate of transduced T cells following ConA activation, the percentage of GFP T cells was multiplied
by the percentage of cells in the live gate as determined by light scatter. This fraction was set at 1 for Ad-GFP transduced T cells without
IL-2.
(C) DO11.10/CAR Tg spleen and lymph node cells were transduced with Ad-GFP or Ad-mIB ex vivo. Without culturing, transduced T cells
(1  107 total cells including nontransduced T cells and other cell types) were immediately transferred into Balb/C recipient mice by subocular
injection. 16 hr later, 0.5 mg OVA peptide was injected into each recipient intraperitoneally. At different time points post OVA injection, GFP-
or mIB-expressing T cells in peripheral blood were monitored by anti-CAR/anti-B220 staining and flow cytometry. The percentage of
GFPCAR T cells (B220Neg) in recipients is plotted. Similar relative differences were obtained following sacrifice of recipients at 3 days and
analysis of spleen and lymph node lymphocytes (the total number of lymphocytes did not vary significantly between recipients).
(D) CAR Tg T cells were transduced with Ad-GFP or Ad-mIB at an MOI of 10 and then activated by ConA. At 30 and 36 hr postactivation,
Annexin V-APC staining was detected on transduced T cells (B220Neg GFP) to identify apoptotic cells.
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expressing DO11.10/CAR Tg T cells proliferated in re- presence of Rosco substantially abrogated the in-
creased apoptosis resulting from mIB expression insponse to OVA, mIB-expressing T cells failed to expand
(Figure 2C). As T cells expressing mIB represent less activated T cells (Figure 4B). In contrast, Rosco treat-
ment did not inhibit the mitogen-dependent upregula-than 0.1% of total T cells in the recipient, inhibition of
antigen-induced T cell expansion by mIB expression tion of CD69 and CD25 (data not shown). However, we
cannot rule out that the observed effects of Rosco resultappears cell autonomous.
Decreased proliferation could result from decreased from the inhibition of non-Cdk kinases. As an alternative
approach, we introduced p16INK4D, a specific G1-CDKcell cycle progression, increased apoptosis, or both.
In fact, transgenic expression of IB increases T cell inhibitor, into T cells via adenoviral-mediated gene
transfer and assessed its ability to protect T cells fromapoptosis (Boothby et al., 1997; Ferreira et al., 1999).
Consistent with these reports, we observed that the IB-induced apoptosis. Although p16 specifically asso-
ciates with and inhibits cyclin D-associated Cdk4 andinhibition of NFB resulted in 2- to 4-fold increased T
cell apoptosis as measured by Annexin V binding to Cdk6, by displacement of p21 and p27 from these com-
plexes p16 expression indirectly inhibits Cdk2-associ-exposed phosphotidylserines on apoptotic T cells (Fig-
ure 2D), indicating that mIB promotes T cell apoptosis. ated kinases (Grimison et al., 2000; Lukas et al., 1999).
As expected, p16 rescued T cells from antigen-inducedTherefore, the inhibition of NFB activity results in in-
creased T cell apoptosis following antigenic activation. apoptosis resulting from the inhibition of NFB activa-
tion (Figure 4C). These data argue that Cdks send signals
that promote both cell cycle progression and apoptosis,NFB Is Dispensable for G1 to S Phase Progression
with the latter inhibited by NFB activation. Therefore,following T Cell Activation
we sought to identify the proapoptotic factor(s) that areConsidering critical roles for c-Myc in lymphocyte cell
promoted by the Cdk-E2F pathway but antagonized bygrowth and proliferation, we asked whether NFB is
NFB during productive T cell proliferation.required for the activation of c-Myc in antigen-activated
T cells. T cells expressing mIB upregulate the expres-
sion of c-Myc protein following activation to a level indis- NFB Limits p73 Upregulation in T Cells following
tinguishable from mock or Ad-GFP transduced T cells Antigenic Stimulation
(Figure 3A). Furthermore, increased expression of cyclin We asked whether NFB activation might affect the
D2, a direct transcriptional target of c-Myc, is not depen- upregulation of the E2F target gene p73 during a primary
dent on NFB activation (data not shown). Finally, the stimulation, where antigen promotes T cell proliferation.
inhibition of NFB did not affect the blasting, or in- p73 expression is not detectable in naive T cells but is
creased cell growth, of mitogen-activated T cells (Figure upregulated following either ConA or OVA stimulation
3B). Thus, G1 progression as assessed by c-Myc activa- (Figures 5A–5C). p73 upregulation is dependent on G1
tion and cell growth is not inhibited by IB expression, Cdk activation, as the expression of p16 abrogated mito-
with the caveat that mIB expression may not inhibit all gen-induced p73 upregulation (Figure 5A). Notably, the
NFB activity. expression of p73 protein in activated, mIB-expressing
Rb phosphorylation and E2F activation are hallmarks T cells was substantially higher than in GFP-expressing
of cell cycle progression. We investigated whether NFB control T cells (Figures 5B and 5C). Transduction with
activation is required for G1 Cdk/E2F activation and for Ad-mIB did not affect p73 protein expression in GFPNeg
progression into S phase. mIB expression in activated T cells in the same culture (data not shown), indicating
T cells did not affect the downregulation of p27KIP1 pro- that NFB- dependent downregulation of p73 is cell
tein levels, the phosphorylation of Rb, or the induction autonomous. mIB expression also increased the basal
of the E2F target gene Cdk1/Cdc2 (Figures 3C and 3D). expression of p73 in naive T cells (Figures 5B and 5C),
S phase entry as assessed by the incorporation of the either by inhibiting basal NFB activity in T cells or by
thymidine analog BrdU also does not require NFB activ- inhibiting NFB activation in a fraction of T cells sponta-
ity (Figure 3E). However, given that increased apoptosis neously activated during culture. In contrast, while anti-
coincides with this S phase entry, we believe that apo- gen stimulation increased p53 protein expression, IB
ptosis may abort further cell cycle progression. Thus, had no further effect on p53 protein levels (Figure 5D).
NFB is not required for antigen-induced G1 Cdk and Notably, increased p73 protein levels in antigen-acti-
E2F activation and for S phase entry. vated, mIB-expressing T cells is largely dependent on
Cdk activity (Figure 5C). While OVA-activated, mIB-
expressing T cells showed substantial upregulation ofCdk Activity Is Required for T Cell Apoptosis
Resulting from the Inhibition of NFB p73, culture with Rosco either reduced (24 hr) or pre-
vented (30 hr) p73 upregulation. T cells also expressGiven that the Cdk/Rb/E2F pathway is still activated in
antigen-stimulated mIB-expressing T cells, we asked a p73 protein isoform that migrates at about 52 kDa,
consistent with the molecular weight of 	Np73 (Poz-whether this pathway contributes to the apoptosis re-
sulting from NFB inhibition. GFP- or mIB- expressing niak et al., 2000). This isoform is missing in p73/ T
cells, confirming its identity as a p73 product (FigureT cells were activated in the presence of roscotivine
(Rosco), a potent inhibitor of Cdk2 and Cdc2 activity. 5C). The expression of the lower MW isoform (when
corrected for loading differences) is not induced by IBAs seen in Figure 4A, the Cdk-dependent phosphoryla-
tion of Rb is inhibited by Rosco treatment of T cells. At and appears decreased. p73 encodes for multiple mRNA
isoforms, with alternative first exons from distinct pro-the dose used in these experiments (20 
M), Rosco has
been shown to not affect the activity of the Cdk4, Cdk6, moters encoding either transactivation competent (TA)
or transactivation inhibitory (	N) proteins (Irwin and Kae-and ERK1 kinases (Meijer et al., 1997). Importantly, the
NFB Promotes T Cell Survival by Inhibiting p73
335
Figure 3. NFB Activation Is Dispensable for G1 to S Phase Progression
CAR Tg T cells were either not transduced (mock) or transduced with Ad-GFP or Ad-mIB for 16 hr. T cells were either not activated or
activated by ConA and harvested at the indicated times postactivation.
(A) Transduced T cells (B220Neg GFP) were purified by FACS and c-Myc expression was detected by immunoblotting.
(B) 24 hr postactivation (or not activated as the control), T cell size was monitored by increased forward scatter in GFP- or GFP/mIB-
expressing T cells using flow cytometry.
(C) Rb expression levels and phosphorylation state in purified GFP T cells were determined by immunoblotting.
(D) The mRNA levels of Cdk1, an E2F target gene, were detected by ribonuclease protection assays (RPA) in purified GFP T cells. CycD3
mRNA levels, which are not affected by antigen stimulation, served as an internal control for this assay.
(E) 24 hr postactivation, BrdU was added to the culture medium. Under our T cell activation and culture conditions, S phase entry occurs
between 24 and 30 hr post-ConA activation. 30 hr postactivation, viable GFP- or GFP/mIB-expressing T cells were purified by FACS and
stained with fluorescent labeled anti-BrdU, followed by PI staining as a measure of DNA content. BrdU incorporation and PI intensity were
determined by flow cytometry. The percentage of GFP T cells that incorporated BrdU is indicated.
lin, 2001). 	Np73 antagonizes the functions of p53 and inhibition of NFB activity resulted in a roughly 6-fold
increase in the expression of TAp73 above the inductionp73, inhibiting the ability of p53 family members to in-
duce transcription and apoptosis. Adding to this com- observed in activated control T cells (Figure 6A). Thus,
NFB normally limits the antigen-induced increased ex-plexity, the p73 gene encodes for at least six distinct
C-terminal splice variants. pression of the TAp73 mRNA. Interestingly, using prim-
ers that detect all known p73 isoforms, the overall ex-Using real time RT-PCR, we determined the mRNA
expression levels of p73 following mitogenic stimulation pression of p73 mRNA was only modestly induced by
activation and was not affected by mIB expressionwith or without NFB activity (Figure 6). Using primers
specific for the TAp73 isoform, we observed that the (Figure 6B). Given that overall p73 mRNA expression is
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Figure 4. Cdk Activity Is Required for the Apoptosis of Antigen-Stimulated T Cells Lacking NFB Activation
(A) T cells were activated with ConA in the presence of Rosco (20 
M; Calbiochem), DMSO, or neither (mock). At 24 hr postactivation, T cells
were purified by MACS. The expression and phosphorylation state of Rb was assessed by immunoblotting.
(B) CAR Tg T cells (DO11.10 Tg for OVA activation) were transduced with Ad-GFP or Ad-mIB and then activated in the presence of DMSO
or Rosco (two experiments each using either ConA or OVA activation gave similar results and are combined). At different time points
postactivation, GFP- or GFP/mIB-expressing T cell survival rates were determined as described as in Figure 2B.
(C) CAR Tg T cells were transduced with Ad-GFP or Ad-mIB / Ad-p16, activated with ConA, and surviving T cell numbers at 30 and 40
hr (/ ConA) were determined as in Figure 2A. An average of 133 (GFP  Con), 102 (mIB  Con), 110 (GFP  p16) and 100 (mIB 
p16) 103 GFP T cells were plated per well at t  0. Differences between paired samples (indicated by arrows) are statistically significant.
There were no significant differences between GFP and mIB  Rosco samples and between GFP  p16 and mIB  p16 samples.
not affected by mIB expression and that the TA and the mitogen-induced expression of one p53 target gene,
p21, is markedly suppressed by mIB expression. While	N isoforms represent the only known alternative tran-
scriptional start sites, mIB expression may result in p73 overexpression has been shown to upregulate p21
expression (Irwin and Kaelin, 2001), p73/ and p63/decreased expression of the 	Np73 mRNA. We propose
that mIB expression increases the ratio of TA to 	N p73/ mouse embryo fibroblasts demonstrate normal
upregulation of p21 following DNA damage (Flores etencoding p73 isoforms and hence p73 proapoptotic ac-
tivity by increasing the expression of the former while al., 2002). In contrast, the upregulation of PERP by DNA
damage was suppressed in mouse embryo fibroblastsdecreasing the expression of the latter.
We next addressed whether mIB-induced changes lacking p73 and p63. Indeed, we find that the mitogen-
induced expression of PERP is significantly enhancedin p73 expression were reflected in altered patterns of
p53/p73 target gene expression. Activation of T cells in mIB-expressing T cells (Figure 6D). PERP has been
shown to be specifically regulated during p53-inducedresulted in substantial upregulation of the expression of
the p53 target genes, p21 and PERP, but did not affect apoptosis, but not cell cycle arrest, and to promote
apoptosis when overexpressed (Attardi et al., 2000). Fur-the expression of other p53 target genes, Bax and Noxa
(Figures 6C and 6D and data not shown). Surprisingly, thermore, given that Cdk activity promotes T cell apo-
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Figure 5. NFB Activation Is Required to Limit p73 Upregulation following Antigen Stimulation
(A) CAR Tg T cells were transduced with Ad-GFP or Ad-p16, activated with ConA for 30 hr, and p73 and actin protein levels were assayed
by immunoblotting.
(B) Ad-GFP or Ad-mIB transduced and ConA-activated T cells were FACS purified at different time points postactivation and p73 and actin
protein levels determined. Note that the blot probed with anti-p73 was trimmed just above 50 kDa, preventing the detection of lower molecular
weight immunoreactive species.
(C) CAR Tg or CAR/DO11.10 double Tg lymphocytes were transduced with Ad-GFP or Ad-mIB. 18 hr posttransduction, T cells were activated
with either ConA or OVA in the presence or absence of 20 
M Rosco (as indicated). GFP- or GFP/mIB-expressing T cells were purified by
FACS. Total cellular protein was isolated using either the Trizol method (left panels) or by lysis in RIPA buffer (right panels). p73, Rb, and
-actin protein expression was assayed by immunoblotting (note that loading is variable in the left panel). p73/ and p73/ T cells stimulated
for 30 hr with ConA served as controls.
(D) As in (B), except immunoblotted for p53 and actin expression.
ptosis (Figure 4), the decreased expression of p21 in of proapoptosis targets such as PERP and p53AIP1
relative to pro-arrest targets such as p21 (Attardi et al.,mIB- expressing T cells may also contribute to in-
creased T cell apoptosis. Analogously, by directly inhib- 2000; Oda et al., 2000). Similarly, DNA damage-induced
acetylation of p73 is required for the induction ofiting p53-dependent activation of p21 transcription, Myc
can switch a p53-dependent DNA damage response p53AIP1 but not p21 (Costanzo et al., 2002). We propose
that by increasing the ratio of TAp73 to p53 protein, thefrom cytostatic to apoptotic (Seoane et al., 2002). Thus,
NFB activation may promote T cell survival by promot- inhibition of NFB activity in antigen-stimulated T cells
changes the spectrum of p53/p73 target gene regulationing the expression of pro-arrest p53 targets such as p21
while limiting the expression of proapoptosis p53/p73 to one that favors apoptosis.
targets such as PERP. It is intriguing that mIB expres-
sion results in opposite effects on the expression of p21 Disruption of p73 Abrogates T Cell Apoptosis
Resulting from the Inhibition of NFBand PERP. Notably, overexpression of p73 results in
substantially less induction of the expression of endoge- To investigate the role p73 plays in the apoptosis of
activated, NFB-inhibited T cells, we bred the CARnous p21 relative to overexpressed p53, while the oppo-
site is found for the p53 targets 14-3-3 and PIG7 (Zhu transgene into p73 mutant mice (Yang et al., 2000). The
gene-targeted mutation of p73 disrupts the DNA bindinget al., 1998). In addition, DNA damage-induced activa-
tion of p53 under contexts that promote apoptosis over domain of p73 and is thought to be null mutant for all
p73 proteins. p73 knockout (KO) mice are partially viablecell cycle arrest has been shown to differentially affect
the expression of p53 targets, with increased activation but exhibit neurological, pheromonal, and inflammatory
Immunity
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Figure 6. The Inhibition of NFB Activity Differentially Affects the mRNA Expression of p73 Isoforms and p53/p73 Target Genes
CAR Tg T cells were transduced with Ad-GFP or Ad-mIB. At different time points post ConA activation, GFP- and GFP/mIB-expressing T
cells were sorted by FACS, and total RNA was extracted and purified. TAp73 or total p73 mRNA levels were assayed by real time RT-PCR
as described in Experimental Procedures. Expression levels were normalized to 18S in the Figure, but indistinguishable results were obtained
by normalization to -actin. The increased TAp73 expression in mIB relative to GFP-expressing cells at 30 hr postactivation is statistically
significant. Similar results were obtained using OVA activation. Similarly, the relative mRNA levels for p21 and PERP were assayed by real
time RT-PCR. The differences in p21 and PERP mRNA levels between GFP and mIB samples at 30 hr are significant.
defects. Lymphocytes from CAR Tg p73/ or control the antigen-dependent apoptosis of mIB transduced
T cells (Figure 7B). We speculate that residual cell lossp73/ littermates were transduced with Ad-GFP or Ad-
mIB. Following mitogenic stimulation, the survival of in p53/p73 inhibited cells is due to the absence of NFB-
dependent activation of prosurvival genes such as Bfl-1.transduced T cells was monitored by flow cytometry
and live cell counting. While neither p73 genotype nor Together these experiments strongly argue that the loss
of p73 partially abrogates the requirement for NFB acti-the expression of mIB affected T cell survival without
activation (Figure 7A, top), mIB expression resulted in vation in T cell survival. Thus, p73 serves to limit T cell
survival (and hence proliferation) to contexts of antigenica dramatic reduction in activated p73/ T cell survival
(Figure 7A, bottom). In contrast, mIB expression only stimulation that promote NFB activation.
modestly affected the survival of mitogen-activated
p73/ T cells. Furthermore, mIB expression resulted in Discussion
a more substantial increase in the percentage of GFP /
Annexin V apoptotic cells in activated p73/ T cells Distinct Pathways to Antigen-Induced
T Cell Apoptosisas compared to p73/ T cells (data not shown). Of
course, these experiments are complicated by the loss TCR stimulation of naive T cells in the absence of costim-
ulation results in apoptosis, which can be rescued byof all p73 isoforms, as well as developmental abnormali-
ties that may indirectly affect T cell development or ligation of CD28, coincident with restored NFB activa-
tion and BclxL upregulation (Boise et al., 1995; Khosh-function in p73/ mice.
In order to avoid the complicating influences of mouse nan et al., 2000; Kishimoto and Sprent, 1999; Noel et
al., 1996; Van Parijs et al., 1996). Restoration of BclxLdevelopment in the absence of p73, we coexpressed a
dominant-negative (DN) mutant of p53 (R175H), which expression in the absence of CD28 costimulation can
rescue TCR-induced apoptosis in naive T cells (Boisehas been shown to inhibit p53, p63, and p73- dependent
transcription and apoptosis (Irwin and Kaelin, 2001), to- et al., 1995). The proliferation for 2–3 days of antigen-
or superantigen-activated T cells is followed by the se-gether with mIB in CAR Tg T cells. The inhibition of
endogenous p53/p63/p73 activity substantially blocked lective apoptosis of these previously activated T cells,
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Figure 7. p73 Is a Critical Effector of Apoptosis Resulting from Antigen Stimulation of IB-Expressing T Cells
(A) Lymphocytes from CAR Tg/p73/ or CAR Tg/p73/ mice were transduced with Ad-GFP or Ad-mIB, activated with ConA (or not), and
surviving T cell numbers (/ ConA) were determined as in Figure 2A. An average of 152 (p73/ with GFP), 136 (p73/ with mIB), 110
(p73/ with GFP), and 95 (p73/ with mIB)  103 GFP T cells were plated per well at t  0. The differences between paired samples (as
indicated by arrows) are significant.
(B) Lymphocytes from CAR Tg mice were transduced with the indicated combination of Ad-GFP, Ad-mIB/GFP, and Ad-DNp53/GFP (MOI of
5 for each virus; combined MOI of 10), activated with ConA (or not), and surviving T cell numbers (/ ConA) were determined as in Figure
2A. An average of 140 (GFPGFP), 136 (mIBGFP), 147 (GPFdnp53), and 122 (mIBdnp53) 103 GFP T cells were plated per well at
t  0. Differences between mIB  GFP-expressing and mIB  DNp53-expressing CAR Tg T cells following stimulation are significant.
(C) Model: NFB-dependent inhibition of TAp73 expression prevents apoptosis and promotes proliferation by the Cdk-Rb-E2F pathway.
which can be substantially delayed by stimulation of the Bcl3 (Mitchell et al., 2001), although it is not clear how
Bcl3 induction affects NFB-dependent transcription ininnate immune system or by cytokines such as IL-2
(Hildeman et al., 2002). This postexpansion apoptosis these T cells.
T cell apoptosis induced by TCR stimulation of naivedoes not require Fas and is inhibited by ectopic expres-
sion of Bcl2. In contrast, antigen-activated NFB-inhib- T cells in the absence of either costimulation or NFB
activation is also mechanistically distinct from the AICDited T cells die between 1–2 days postactivation prior
to proliferation, and this death is not rescued by IL-2 that results from repeated antigenic stimulation. AICD
is dependent on FasL activation of its receptor, Fas(Figure 2B). Interestingly, the inhibition of postexpansion
T cell apoptosis by adjuvants is achieved at least in part (Pinkoski and Green, 1999). Importantly, AICD is not
rescued by CD28 costimulation, IL-2 addition, or BclxL/by the increased expression of the IB family member,
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Experimental ProceduresBcl2 expression (Strasser et al., 1995; Van Parijs et al.,
1996, 1998). Interestingly, p73 appears to play an impor-
Micetant role that is shared by AICD and the apoptosis of
Mice were housed in the UCSHC animal resource center in cages
activated IB-expressing T cells (Figure 7; Lissy et al., with microisolator lids. CAR	1 and DO11.10 Tg mice are in the
2000). Still, while NFB promotes the survival of antigen- Balb/C background (10 backcrosses). CAR	1 encodes human
CAR lacking most of the cytoplasmic domain (Wan et al., 2000), andactivated naive T cells, NFB has been proposed to
the CAR	1 Tg was used for all experiments (referred to as “CAR”contribute to AICD by the transcriptional upregulation
for simplicity). DO/CAR double Tg mice were obtained by breedingof FasL expression, at least in transformed T cell lines
DO11.10 Tg gene (created by K. Murphy and D. Loh) into the CAR(Kasibhatla et al., 1999; Lin et al., 1999). Thus, distinct
Tg background. CAR Tg/p73 KO mice were obtained by breeding
signaling pathways mediate TCR-induced T cell apopto- CAR Tg mice with p73 KO mice (kindly provided by F. McKeon),
sis under different contexts. and are mixed Balb/C and C57Bl/6 (but H-2d/d). Balb/C mice were
purchased from Jackson Laboratory for use as recipients for adop-
tive transfer assays. Mice were genotyped by PCR analysis (for
p73) and by flow cytometry using fluorescent conjugated antibodiesNFB, p73, and Lymphocyte Survival
against CAR (RmcB), DO11.10 TCR (KJ1.26), and I-Ad. OVA peptideOur data indicate that G1 progression, including c-Myc
(ISQAVHAAHAEINEAGR) was produced by Research Genetics. All
upregulation, is not affected by mIB expression. In con- mouse experiments were approved by the UCHSC Animal Care and
trast, c-Rel/nfkb1/ B cells are blocked in early G1 Use Committee.
following activation, failing to induce c-Myc and in-
crease cell growth (Grumont et al., 2002), suggesting Cell Culture and Adenoviral Transduction
Lymphocytes from lymph nodes and spleens were harvested, trans-either that T and B cells differ in their requirement for
duced with adenoviruses, and cultured as previously describedNFB in Myc induction or that mIB expression does
(Wan et al., 2000), except that cells were transduced in -MEMnot completely inhibit the activity of all forms of NFB.
(Gibco/BRL) and then cultured overnight in DMEM/10% FBS/1%
Interestingly, in accordance with our data, mIB expres- Penicillin-Streptomycin (Gibco/BRL) supplemented with 1% IL-7
sion fails to inhibit c-Myc expression in endothelial cells, conditioned media (Benschop et al., 1999). OVA peptide (5 
M) or
Concanavalin A (4 
g/ml ConA; Sigma) were added to the culturesinducing apoptosis in the presence of TNF (Soares et
as indicated. The construction of AdUbc-GFP (Wan et al., 2000)al., 1998). In contrast, the expression of a dominant-
and AdCMV-p16 (Jin et al., 1995) have been previously described.negative mutant of p65/RelA (p65RHD), which competes
AdUbc-mIB and AdUbc-DNp53 were constructed by inserting thewith endogenous NFB for DNA binding, effectively sup-
mIB (32/36A) cDNA (Traenckner et al., 1995) or DNp53 cDNA
presses c-Myc expression as well as TNF-induced (kindly provided by Dr. Vogelstein) into Ubc-GFP construct under
apoptosis (Soares et al., 1998). Given roles of Myc in the control of a separate Ubiquitin promoter. Recombinant adenovi-
ruses were then obtained by the AdEasy method (He et al., 1998).the activation of Cdks and E2Fs (DeGregori, 2002), per-
All viruses were purified by CsCl gradient centrifugation, and titerssistent Myc upregulation in mIB-expressing cells may
determined based on GFP expression in CAR- expressing EL-4contribute to apoptosis by increasing E2F- dependent
thymoma cells transduced at MOIs less than 1, as previously de-p73 expression.
scribed (Wan et al., 2000).
Our experiments reveal interactions between the
NFB, Cdk, and p73 pathways in the regulation of T cell Flow Cytometry and Cell Sorting
survival following a primary antigenic stimulation. We Cells were stained with antibody in PBS containing 5% fetal bovine
serum (HyClone; FBS/PBS) (1:100 of each antibody; 20 
l /106 cells)propose a model whereby p73 upregulation by the Cdk-
for 30 min on ice. Cells were washed with 1 ml of FBS/PBS. Allophy-Rb-E2F pathway is antagonized by NFB activity, pro-
cocyanin (APC) and Cy-Chrome linked -B220 and -Thy1.2 weremoting T cell survival in response to primary antigenic
from Pharmingen. Fluorescence was detected using a FACSCaliburchallenge (Figure 7C). Thus, antigen-dependent activa-
(Becton Dickinson) cytometer, and cells were sorted using a MoFlo
tion of the Cdk/Rb/E2F pathway activates both cell cycle flow cytometer (Cytomation). The purification of T cells using CD4
and apoptotic progression. In the context of appropriate microbeads by MACS was per Miltenyi instructions. BrdU incorpora-
tion was detected using FITC linked anti-BrdU (Pharmingen) ac-costimulation, with consequent activation of NFB, the
cording to manufacturer’s protocols.proapoptotic induction of TAp73 by E2F is limited,
allowing for Cdk/E2F- dependent cell cycle progression
Immunoblotting and RNase Protection Assaysto dominate over apoptosis. At present, the mechanism
RNA and protein were prepared from cells using Trizol reagentwhereby NFB activation inhibits the expression of
(Gibco BRL) according to the manufacturer’s instructions. Antibod-
TAp73 is not clear. Given the role of NFB as a transcrip- ies used were -IB (Rockland, 100-4167C), -p73 (NeoMarkers,
tion factor and the presence of several consensus NFB Ab-4 cocktail), -p73 (Santa Cruz H-79, used for Figure 5A only),
-Rb (Pharmingen, 14001A and Santa Cruz, IF-8), -p53 (NovoCas-binding sites within 1 kb of the first TAp73 exon, we
tra, CM5), and -actin (Santa Cruz, I-19). Secondary antibodies usedspeculate that NFB is directly antagonizing E2F-depen-
were -mouse HRP, -rabbit HRP, and -goat HRP (Bio-Rad) anddent upregulation of TAp73 transcription. Analogously,
blots were developed using Pierce SuperSignal Femto chemilumi-
the transcriptional repressor ZEB inhibits TAp73 expres- nescence detection. Primary and secondary antibodies were diluted
sion in undifferentiated myoblast cell lines (Fontemaggi 1:500 and 1:4000, respectively. Western blots were performed per
et al., 2001). NFB also activates the expression of other the manufacturer’s instructions except that 0.2% Tween 20 was
included in the antibody solutions and washes. Levels of Cdk1 andprosurvival proteins, such as Bfl-1, BclxL, and IAPs,
CycD2 mRNAs were measured using the Pharmingen RiboQuantwhich may explain why the loss of p73 does not com-
Multi-Probe RPA System and a custom template set. Dried radioac-pletely abrogate the NFB requirement for antigen-
tive polyacrylamide gels were exposed to Kodak X-Omat film.
induced T cell survival. Thus, antigen presentation with
appropriate costimulation promotes cell cycle progres- Apoptosis Detection
sion while inhibiting Cdk-mediated apoptosis via the The expression of phosphatidylinositol-serine, an early marker for
apoptotic cells, was detected by staining cells with APC-conjugatedNFB-dependent downregulation of p73 activity.
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Annexin V (Pharmingen). 5  105 cells were harvested and washed P.A., Fontemaggi, G., Fanciulli, M., Schiltz, L., Blandino, G., et al.
(2002). DNA damage-dependent acetylation of p73 dictates the se-in PBS. Cells were resuspended in 100 
l Annexin V staining cocktail
containing 5 
l AnnexinV-APC and 0.2 
l propidium iodide (PI) in lective activation of apoptotic target genes. Mol. Cell 9, 175–186.
binding buffer (10 
M HEPES, 140 
M NaCl, and 2.5 
M CaCl2), DeGregori, J. (2002). The genetics of the E2F family of transcription
incubated at room temperature for 15 min, and assayed by flow factors: shared functions and unique roles. Biochim. Biophys. Acta
cytometry within 1 hr. As GFP is lost from cells that have lost mem- 1602, 131–150.
brane integrity, we determined Annexin-V staining within the
De Laurenzi, V.D., Catani, M.V., Terrinoni, A., Corazzari, M., Melino,
GFPPI population.
G., Costanzo, A., Levrero, M., and Knight, R.A. (1999). Additional
complexity in p73: induction by mitogens in lymphoid cells and
Real Time RT-PCR identification of two new splicing variants epsilon and zeta. Cell
Trizol purified RNA was denatured (95C for 3 min) and DNase Death Differ. 6, 389–390.
treated (37C for 30 min). DNase treated RNA was further purified
Ferreira, V., Sidenius, N., Tarantino, N., Hubert, P., Chatenoud, L.,using the RNeasy Mini Kit (Qiagen) according to manufacturer’s
Blasi, F., and Korner, M. (1999). In vivo inhibition of NF-kappa B ininstructions. TaqMan real time RT-RCR kit (AppliedBiosystems) was
T-lineage cells leads to a dramatic decrease in cell proliferation andused for the detection of p73 and 18S mRNA. The primer sequences
cytokine production and to increased cell apoptosis in response tofor p73 are 5-GGCCGTGACCGCAAAG-3 and 5-TGCTTGAATGC
mitogenic stimuli, but not to abnormal thymopoiesis. J. Immunol.ACGTTTGCT-3 (present in all known isoforms). The probe sequence
162, 6442–6450.for p73 is 5-AAGACCATTACCGGGAGCAACAGGCTC-3. The pri-
Flores, E.R., Tsai, K.Y., Crowley, D., Sengupta, S., Yang, A., McKeon,mer sequences for TAp73 are 5-GCGAGGAGTCCAACATGGAT-3
F., and Jacks, T. (2002). p63 and p73 are required for p53-dependentand 5-GGCACTGCTGAGCAAATTGA-3. The probe sequence for
apoptosis in response to DNA damage. Nature 416, 560–564.TAp73 is 5-CTTCCACCTGCAAGGCATGGCC-3. The primer se-
quences for 18S mRNA are 5-CGGCTACCACATCCAAGGAA-3 and Fontemaggi, G., Gurtner, A., Strano, S., Higashi, Y., Sacchi, A., Piag-
5-GCTGGAATTACCGCGGCT-3. The probe sequence for 18S is 5- gio, G., and Blandino, G. (2001). The transcriptional repressor ZEB
TGCTGGCACCAGACTTGCCCTC-3. regulates p73 expression at the crossroad between proliferation
The CyberGreen real time RT-PCR kit (AppliedBiosystems) was and differentiation. Mol. Cell. Biol. 21, 8461–8470.
used for the detection of p21 and PERP mRNAs as previously de- Frauwirth, K.A., and Thompson, C.B. (2002). Activation and inhibition
scribed. The primer sequences for p21 are 5-GCCACAGCGACCATG of lymphocytes by costimulation. J. Clin. Invest. 109, 295–299.
TCCAA-3 and 5-GCGTCTCCGTGACGAAGTCAAA-3, and for PERP
Grimison, B., Langan, T.A., and Sclafani, R.A. (2000). P16Ink4a tumorare 5-CAGAGGAGGAAAGTCACTGGCAAA-3 and 5-CGCATCAGA
suppressor function in lung cancer cells involves cyclin-dependentGAAAGTCAACACGAA-3.
kinase 2 inhibition by Cip/Kip protein redistribution. Cell GrowthPCR was performed with a 7700 single detector thermocycler
Differ. 11, 507–515.(Perkin Elmer): 48C for 30 min (1 cycle), 95C for 10 min (1 cycle),
Grumont, R.J., Rourke, I.J., and Gerondakis, S. (1999). Rel-depen-denature at 95C for 15 s, anneal and extend at 60C for 1 min (40
dent induction of A1 transcription is required to protect B cellscycles).
from antigen receptor ligation-induced apoptosis. Genes Dev. 13,
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